Abstract. To test the hypothesis that excessive amyloid deposition is a biological link between obstructive sleep apnea (OSA) and Alzheimer's disease, we determined whether OSA increases cerebral amyloid burden, relative to controls, using Pittsburgh Compound B (PiB) PET imaging. The subjects were adult participants (age 50-65 years) from the Korean Genome and Epidemiology Study. Polysomnography, brain MRI including 3D images, and a detailed neuro-cognitive function test battery were done in 2011-2012. Nineteen OSA subjects (Apnea-Hypopnea Index [AHI] ≥15/h, 21.2 ± 5.1/h; age 58.5 ± 4.1 years; 9 male) and 19 controls (AHI 1.8 ± 1.3/h; age 58.5 ± 4.2 years; 9 male) underwent 60-min dynamic 11 C-PiB PET. All subjects were right-handed with normal cognitive function and brain MRI. Controls were matched by age, gender, education, and APOE genotype. A voxel-wise comparison of PiB-PET images between the two groups was performed after spatial and count normalization with cerebellar gray matter as a reference. Covariates included the status of sleep duration, hypertension, diabetes, body mass index, exercise, depressive mood, smoking, and alcohol drinking. Cortical thickness on 3D MRI was also measured and compared between the two groups. The OSA group showed a higher PiB deposition in the right posterior cingulate gyrus and right temporal cortex (corrected p < 0.05). There was no area of higher uptake in the control compared with OSA. Regional differences in cortical thickness were not significant. The study suggests that OSA accelerates amyloid deposition and may contribute to the development or progression of Alzheimer's disease.
INTRODUCTION
Obstructive sleep apnea (OSA) is a common disorder associated with excessive daytime sleepiness, impaired attention and memory, depressed mood, hypertension, stroke, congestive heart failure, and glucose/lipid dysmetabolism. The pathology induced by OSA, including intermittent hypoxia, sleep fragmentation, arousal-induced hypertensive surges, systemic inflammation, and impaired glucose handling, all have the potential for neuronal injury [1] .
Observational studies demonstrated that OSA is associated with slower cognitive processing speed [2] , increased risk of incident dementia in older women [3] , and accelerated cognitive decline in the elderly [4] [5] [6] . Cerebral white matter change, a risk factor for dementia, is more frequently observed in OSA [7] . Vascular injury often coexists with Alzheimer's disease (AD) neuropathology and accelerates pathogenesis of neurodegeneration. It is plausible that OSA contributes to the development and progression of AD. However, the underlying mechanism linking the two conditions remains elusive.
Biological and clinical data suggest that OSA may accelerate amyloid deposition and eventually increase the risk of AD. Amyloid deposition as the key pathology of AD is dependent on its extracellular concentration that parallels neuronal activity and is regulated by the sleep-wake cycle [8] [9] [10] . In OSA, sleep fragmentation associated with increased neuronal firing is likely to promote amyloid generation. Sleep disruption due to repetitive cortical arousals in OSA may impair sleep-dependent clearance of amyloid in interstitial fluid [10, 11] . Furthermore, in vitro and in vivo experiments demonstrate that acute or sustained exposure to hypoxia/ischemia increases ␤-secretase activity, causing overproduction of amyloid-␤ (A␤), and decreased clearance by reducing neprilysin [12] [13] [14] [15] .
Our hypothesis was that OSA would increase amyloidogenesis in humans, independent of known risk factors for AD (e.g., age, genetics). To test this hypothesis, we identified a subset of individuals from the Korean Genome and Epidemiology Study (KoGES) selected to have moderate-to-severe OSA or no OSA, on which to conduct amyloid imaging. Subjects were younger (<65 y) than the age of common occurrence of late onset AD to explore the role of OSA in amyloidogenesis in the setting of preclinical AD without any manifestation of cognitive impairment.
MATERIALS AND METHODS

Subjects
This study was performed on a community-based sample, not a sleep clinic sample, which merits exploring possible contribution of OSA to the development of AD at the population level. We recruited subjects from the KoGES, an ongoing prospective community-based cohort study. The original cohort was established in Ansan, South Korea, and consisted of 5,012 subjects (2,518 male) adults aged from 40-69. Participants in the KoGES have been biennially evaluated for demographic characteristics, medical history, health status, and sleep related factors. For the adjunct study on sleep and cognitive aging, polysomnography was introduced in 2009, and structural brain magnetic resonance imaging (MRI) and neurocognitive function tests in 2011.
For this study, we screened 1,549 subjects (age 60.5 ± 7.4 y, male 736) who underwent polysomnography, MRI, and neurocognitive tests among 3,052 (age 58.3 ± 7.3 y, male 1,535) participants in 2011-2012, and restricted our study to subjects with following conditions: 1) aged 50-65 y; 2) no history of major neurologic diseases including stroke, major head trauma, epilepsy, dementia, parkinsonism, and CNS infection; 3) no history of psychiatric illness including major depressive disorder, schizophrenia, bipolar disorder, and substance abuse; 4) no history of prolonged use of neuroleptics, benzodiazepine, hypnotics, and CNS stimulant; 5) no history of cancer; 6) normal cognitive function, defined by non-impaired level of performance in neuropsychological tests; 7) normal brain MRI.
Among subjects who met inclusion criteria, we randomly contacted 20 subjects (10 female) who were diagnosed as OSA according to the predefined criteria. Control subjects were subsequently recruited among subjects free from OSA, and individually matched with corresponding OSA subjects according to the following criteria: 1) age ± 2 y of OSA subject; 2) gender; 3) education level (school-year; <6, 6-9, 9-12, ≥13); 4) frequency of the 4 allele of apolipoprotein E gene (APOE4; 0, 1, 2). Forty subjects (OSA 20, female 20, age 56.9 ± 4.0 y) consented to participate in this study and underwent 11 C-Pittsburgh Compound B (PiB) PET scanning. In the final analysis, we excluded one pair of OSA and control, whose APOE4 allele was different (0 versus 2). Thirty-eight subjects (female 20, age 56.7 ± 3.9 y) were included. All the OSA subjects had not been treated by continuous positive airway pressure, surgery, or oral appliance.
The institutional review board of the Seoul National University Bundang Hospital (B-1208/168-007) and Korea University Ansan Hospital (AS120 94) approved the study procedures. All subjects provided signed written consent.
Demographic, lifestyle, health status, and sleep duration
Body mass index (kg/m 2 , BMI) was calculated from height and body weight measured after overnight fasting. Hypertension was considered present when blood pressure was equal to or above 140/90 mmHg, or when subjects took antihypertensive medications. Diabetes was diagnosed with use of oral hypoglycemic agent or insulin, or with a fasting blood glucose level equal to or above 126 mg/dl. Smoking and alcohol drinking status were categorized into two groups (current versus never or former). Regular exercise was defined when subjects reported participating in sweat-inducing exercise at least three times a week for more than 30 min for each activity. Depressive symptoms were evaluated with the Beck Depression Inventory. Participant's report to the question, "How many hours of sleep did you usually get a night for the past month?" was designated as self-reported sleep duration. The scores of each test were transformed into Zscores. Higher scores indicated a better performance except Trails A and B, in which larger values signified longer time of completion. Normal cognitive function was defined when the Z-score was less than 1.5 for Trails A and B, and was higher than -1.5 for other tests.
Neuropsychological function test
Overnight polysomnography and structural neuroimaging was performed within two weeks after neuropsychological testing. The method for polysomnography and scoring respiratory events is described elsewhere [7] . Briefly, apnea was defined when airflow was dropped to ≥90% of the baseline for at least 10 s with ongoing respiratory efforts, and hypopnea was scored when at least 30% reduction of airflow for ≥10 s was accompanied by ≥4% oxygen desaturation. The apnea-hypopnea index (AHI) was calculated by averaging the total number of obstructive apneas and hypopneas per hour of sleep. Since this was a proof-of-concept study, we included subjects with OSA of moderate-to-severe degree (AHI ≥15) and control with AHI less than 5.
Neuroimaging , and fluid attenuated inversion recovery image. Normal brain MRI was defined by absence of cerebral ischemia (infarct, lacune, white matter change), intracranial hemorrhage, cerebral microbleed, tumor, encephalomalacia, hydrocephalus, and cerebral atrophy. White matter change was defined when hyperintensities ≥5 mm was present on fluid attenuated inversion recovery image [16] .
For APOE genotyping, genomic DNA was extracted from peripheral blood using G-DEX IIb Genomic DNA extraction kit (iNtRON, Korea) and genotypes were determined by restriction fragment length polymorphism analysis.
Analysis of cortical thickness
All 3D MR images were analyzed in FreeSurfer (http://www.surfer.nmr.mgh.harvard.edu, version 5.3). The FreeSurfer analysis stream includes intensity bias field removal, skull stripping, and assigning a neuroanatomical label (e.g., hippocampus, amygdala, etc.) to each voxel [17, 18] . In addition to the volume-based analysis, the FreeSurfer analysis includes delineation of the surface separating cortical gray matter from white matter, the pia, and extracerebral cerebrospinal fluid (CSF). Cortical thickness was measured as the distance between 
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these two surfaces. The curvature of the surface is used to drive a non-linear surface-based inter-subject registration procedure that aligns the cortical folding patterns of each subject to a standard surface space [19] . Thickness measures were mapped into the space where they were surface-smoothed by 10 mm full-width at half-maximum in preparation for group analysis. The FreeSurfer results were manually inspected for accuracy.
Group analysis for cortical thickness was performed between OSA and control groups, with sleep duration, hypertension, diabetes, BMI, exercise, depressive mood, smoking, and alcohol drinking status included as covariates in a general linear model (GLM). Design matrix for the GLM used an offset and slope term for each group. The interaction tested for a difference between the regression coefficients of the slope terms for each group. Statistical comparisons of surface maps were generated by computing a GLM of the effects of each variable on thickness at each vertex. P values were corrected for multiple comparisons using a cluster-wise correction based on Monte Carlo simulations; clusters were formed using a vertex-wise threshold of p < 0.001. Clusters were considered significant if the cluster-wise p value was less than 0.05 [20] .
C-PiB PET imaging and analysis
All 11 C-PiB PET acquisitions were performed using a single scanner (Philips Allegro PET camera), 590.4 ± 150.7 days after polysomnography. Each participant was intravenously administered 370 MBq 11 C-PiB over 1 min. A 10-min transmission scan was performed for attenuation correction. Forty minutes after intravenous injection of 370 MBq of 11 C-PiB, the PET emission scans were acquired in 3-dimensional mode for 30 min. Images were reconstructed using a 3D row action maximum likelihood algorithm. Summed images for the 40-70 min time frame were used in this study.
PiB-PET data sets were analyzed using Statistical Parametric Mapping 8 (SPM8; Wellcome Trust Centre for Neuroimaging, University of College London, UK). For each subject, the 3D SPGR T1-MRI images were rigidly co-registered to the PiB PET scans using the 'co-registration' SPM8 procedure. This coregistration procedure also created a mean image for estimating the spatial normalization parameters to a customized PiB-PET template in the Montreal Neurological Institute reference space via the 'Normalise: Estimate' SPM procedure. The customized PiB PET template was created with the Template-O-Matic toolbox [21] . The spatially normalized PiB PET images were quantitatively normalized to the cerebellar gray matter as a reference. The cerebellar gray matter was defined according to the Automated Anatomical Labeling [22] . The count normalized scans were smoothed using an isotropic Gaussian filter of 10.3 mm full-width at half-maximum for a final total smooth of 14 × 14 × 14 mm 3 full-width at halfmaximum, and then used for voxel-wise analyses. The outside of brain was masked with brainmask and gray matter was segmented by using gray matter map in SPM8.
To test the presence of any difference in amyloid binding between OSA and control group, the voxelwise GLM analysis was performed using analysis of covariance (SPM8) with sleep duration, hypertension, diabetes, BMI, exercise, depressive mood, smoking, and alcohol drinking status as nuisance variables. SPM-T maps of all previously described analyses were thresholded at p < 0.05 corrected for family-wise error with cluster threshold of 50. Anatomical localization was based on the superimposition of the SPM-T maps onto the customized MRI template and identification of the localization using the Automated Anatomical Labeling software and anatomical atlases [22, 23] .
General characteristics were compared between OSA and control group, using Student t-test for continuous variables and chi-square test for categorical variables.
RESULTS
Characteristics of the subjects are summarized in Table 1 . Age, gender distribution, APOE4 genotype, and the education level were balanced between two groups. OSA subjects had higher BMI and AHI. Hypertension, diabetes, and current alcohol drinking were more frequently observed in OSA.
The OSA group showed significantly higher 11 CPiB uptake in right posterior cingulate gyrus and right temporal cortex (corrected p < 0.05, Fig. 1 ). The results did not change when the cluster threshold was varied from 10 to 50. In OSA group, the PiB binding was significantly higher in only in the right posterior cingulate gyrus (cluster size = 81) and the right temporal cortex (cluster size = 51); no other area had higher PiB binding at the minimum cluster size of 10. Further, given the small sample size, we explored if a few influential data points may have driven the results. We generated scatterplots of measured PiB uptakes in the significant brain regions (Fig. 2) . The standardized uptake value ratio was the highest (2.33 in the right posterior cingulate gyrus and 2.43 in the right temporal cortex) in a 59-year-old subject with a single APOE4 allele and AHI 20.4, and relatively low (1.16 in the cingulate gyrus and 1.15 in the temporal cortex) in the corresponding control subject (61-year-old, AHI 0.1). We excluded them and compared PiB binding in the remaining 36 subjects. The difference between OSA and control was still significant: the PiB uptake at the right posterior cingulate gyrus (p = 0.01, cluster size = 48) and the right temporal cortex (p = 0.04, cluster size = 40) was higher in the OSA subjects than that in the controls, after adjusting covariates. In the unadjusted analysis, there was no area with significant difference between OSA and the control groups when corrected for multiple comparisons (corrected p < 0.05). There was no area of higher uptake in the control group compared with the OSA.
Cortical thickness analysis indicated that there was no significant between-group effect on cortical thickness, although the uncorrected results showed that some regional atrophy (e.g., postcentral, inferior parietal, and superior frontal in left hemisphere, and posterior cingulate, precuneus, and fusiform cortex in right hemisphere) and greater cortical thickness (left transverse temporal, left lateral orbitofrontal, and right posterior cingulate) tended to correlate with OSA.
DISCUSSION
The results show an increased amyloid signal without structural change in brain areas of known vulnerability to neurodegeneration and neuropathology in AD. Given the age and the cognitive status of our subjects and the time course of amyloid accumulation in late onset sporadic AD, classic amyloid positivity would be rare. Instead, we were seeking and found perhaps the earliest stages of amyloid accumulation. The distribution of AD risk factors including age and APOE4 allele was balanced between the OSA and control groups. The effects of other confounders were adjusted in the PET analysis. Our interpretation of these results is that OSA may account for these findings. Further, OSA may play an important role in amyloid deposition, significantly increasing risk for the development of dementia as well as acceleration of cognitive decline, as has been previously demonstrated by prospective observational studies [3] [4] [5] [6] . However, our results need to be supported by additional basic, translational, and observational studies. The small size and unilateral locations of differences in amyloid deposition between OSA and control are limitations of our findings.
In AD, amyloid aggregates in the extracellular space are the key pathology, and their accumulation is dependent on the interstitial amyloid concentration and precedes clinical manifestation by up to 10-15 years [24] . Interstitial A␤ concentration parallels neuronal firing and synaptic activity, and is regulated by the sleep-wake cycle [8] [9] [10] . The interstitial amyloid level is increased with wakefulness and reduced during sleep [10, 25] . Reduced interstitial amyloid concentration accompanied by increased CSF concentration during sleep can be explained by sleep dependent facilitation of the exchange between CSF and interstitial fluid, termed as 'glymphatic system' clearance [11] .
Sleep fragmentation caused by repetitive arousals in OSA might increase amyloid production. In cognitively normal elderly without OSA, reduced and fragmented slow wave sleep is associated with increased CSF amyloid [26] , which suggests the augmented production and clearance of amyloid. Actigraphic sleep fragmentation is related to incident AD and cognitive decline [27] , and better sleep consolidation attenuates the risk of incident AD [28] . Furthermore, excessive arousals from sleep could directly lead to activity-dependent neuronal degeneration [29] .
The sleep fragmentation associated with OSA may have a bidirectional and synergistic relationship with brain network pathology in AD. Transgenic AD mice models show early sleep fragmentation, and sleep fragmentation occurs in pre-clinical AD [30, 31] . In AD, brain structures important for sleepwake control are involved early, and the degree of sleep impairment correlates with the extent of neuronal loss in sleep promoting structures [32, 33] . Altered sleep-wake cycles are closely related to the loss of diurnal fluctuation of interstitial amyloid level [31] . Therefore, fragmentation caused by OSA might beget amyloidogenesis that leads to breakdown of normal sleep physiology and greater fragmentation.
OSA-related hypoxia might also contribute to amyloid deposition [13] [14] [15] 34] . Hypoxia upregulates ␤-secretase activity, which can promote A␤ formation [13, 14] , and decreases neprilysin, important in A␤ clearance [15] . Effects of hypoxia mediated through hypoxia-inducible factor 1-alpha, can increase ␤-site amyloid precursor protein cleaving enzyme gene expression, protein level and ␤-secretase activity, resulting in a significant increase of A␤ generation [12, 13] .
Hemodynamic change caused by OSA may be another mechanism for amyloid deposition. A non-dipping pattern of blood pressure at night is associated with increased brain amyloid [35] . Sleep apnea is one of the most common causes of blood pressure non-dipping. Further, OSA is associated with a reduction of slow wave sleep and lower A␤ 40 in CSF, but in normal control there is an inverse correlation between CSF amyloid level and slow wave activity [36] . Brain interstitial fluid washed through glymphatic system is absorbed into dural lymphatic system and subsequently drained to cervical lymph node [37] . Repetitive apnea-related intracranial pressure swings are suggested to impair upstream interstitial fluid clearance via glymphatic system [36] . Therefore, reduced amyloid clearance along with increased amyloid production in OSA could accentuate amyloid deposition. APOE4 is an established risk factor for AD, and there is biological plausibility of mechanisms for interactions with sleep disturbances. Apolipoprotein E-deficient mice exhibits increased vulnerability to intermittent hypoxia-induced spatial learning deficits. The presence of APOE4 increases the risk of impaired cognition in obstructive sleep apnea and adverse effects of sleep apnea and hypoxia on cognition [38, 39] . APOE4 risk may also extend to white matter integrity, providing one more possible interaction with sleep disturbances [40] . Our sample size was too small to directly assess an impact of APOE4.
Sleep duration in this group was relatively short, 6.5 ± 0.8 h. Self-reported short sleep duration has been reported to be associated with amyloid deposition in community-based sample of older adults [41] . Considering that better sleep has a protective effect against the development of incident AD imposed by APOE4 allele [28] , the association between OSA and amyloid deposition may be attenuated in the subjects of longer sleep duration or limited to the population of short sleep duration.
We explored differences in cortical thickness between OSA and control to document structural alteration and to test concordance in the spatial distributions of increased amyloid binding and reduced cortical thickness if present. As previous studies showed regional changes in gray matter volume or concentration and white matter integrity in OSA [42] [43] [44] , the expectation in this study was that in the OSA cortical thickness would be reduced in certain areas with increased amyloid uptake. However, our results revealed that there was no evidence of structural alterations related to OSA. These differences may stem from the fact that subjects in this study were selected from a community-based sample, had moderate OSA (AHI 21.2 ± 5.1), and were of normal cognition, while previous studies recruited from sleep clinics, involved subjects with more severe OSA, and did not screen for prevalent cognitive impairment [42] [43] [44] . Other possible explanations for the lack of structural differences between groups include the following: 1) There could be microstructural differences below the threshold of detection of MRI analysis; 2) Amyloid deposition may be an early feature and structural change occurs later at stage. This is similar to conditions with increased amyloid deposition, such as autosomal dominant AD, where early amyloid positivity occurs; 3) Arousals from sleep can drive increased in the default network/cingulate cortex (instead of the quiescence of sleep), and result in activity dependent amyloid deposition. This mechanism would not require neurodegeneration.
If our results are confirmed or supported by additional basic science, translational, and epidemiological investigations, the implications for clinical care are profound. Sleep apnea prevalence and incidence is increasing, driven by obesity at all ages, including pediatric, and aging. Several medical conditions associated with aging, such as congestive heart failure and pain, also cause substantial sleep apnea and sleep fragmentation, respectively. As sleep apnea is treatable, the slowing to and of dementia could have substantial impact on population health and health care costs.
